Knowledge is limited about whether root nutrient concentrations are affected by mixtures of tree species and interspecific root competition. The goal of this field study was to investigate root nutrient element concentrations in relation to root and ectomycorrhizal (EM) diversity in six different mixtures of beech (Fagus sylvatica), ash (Fraxinus excelsior) and lime (Tilia sp.) in an old-growth, undisturbed forest ecosystem. Root biomass and nutrient concentrations per tree taxon as well as the abundance and identity of all EM fungi were determined in soil cores of a volume of 1 L (r = 40 mm, depth = 200 mm). Standlevel nutrient concentrations in overall root biomass and H′ (Shannon-Wiener diversity) were obtained by pooling the data per stand. At stand level, Shannon H′ for roots and aboveground tree species abundance were correlated. H′ for roots and EM fungi were not correlated because of the contribution of ash roots that form only arbuscular mycorrhizal but no EM associations. Nutrient element concentrations in roots showed taxon-related differences and increased in the following order: beech ≤ lime < ash with the exception of calcium (Ca), which was lower in ash. Stand-level concentrations of Ca, magnesium, potassium and sulfur in roots increased with increasing tree diversity because of two effects: increasing contribution of ash roots to the mixture and increasing Ca accumulation in beech roots with increasing root diversity. On a small scale, increasing root diversity, but not EM diversity, was correlated with decreasing P concentrations in beech roots pointing to interspecific tree competition. Nitrogen (N) concentrations of beech roots were unaltered in relation to root and EM diversity. Opposing behavior was observed for lime and ash: the N concentrations in lime roots increased, whereas those in ash roots decreased with increasing EM diversity in a given soil volume. This suggests that EM diversity facilitates N acquisition of lime roots at the expense of non-EM ash.
Introduction
Tree species differ in their physiological and functional traits. Because of specific differences in nutrient uptake from soil, litter chemistry, root activity, canopy interception and growth, they can modify their environment (Binkley and Giardina 1998 , Augusto et al. 2002 , Reich et al. 2005 . For example, sugar maple has a higher potential for absorbing calcium (Ca) from deeper soil layers than hemlock fir and can sustain higher Ca levels in the surface layer, thus affecting soil acidity by Ca 'pumping' (Dijkstra and Smits 2002) . Similarly, in a mixed European hardwood forest higher exchangeable cation concentrations and lower soil acidity than in beech stands were assigned to tree species-related differences in the intensity of cation cycling and interception (Guckland et al. 2009 , Talkner et al. 2010a ).
Mixtures of different tree species may, thereby, cause interspecific differences in plant behavior and growth compared with monospecific forests. A recent literature survey shows that in most cases aboveground nutrient content as well as nitrogen (N) and phosphorus (P) use efficiencies are higher in trees grown in mixtures than in monocultures (Richards et al. 2010) . To date, the influence of tree mixtures on nutrition has mainly been studied on aboveground plant performance and
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Ectomycorrhizal fungal diversity, tree diversity and root nutrient relations in a mixed Central European forest Christa Lang 1, 2 and Andrea Polle 1, 3 belowground soil processes, whereas knowledge on how mixtures affect taxon-specific root nutrient concentrations is limited and the role of mycorrhizal diversity has not yet been addressed in this respect.
In this study, we investigated whether relationships existed between stand-level nutrient concentrations of roots and belowground root diversity and whether the differences were related to plant traits or to small-scale effects caused by competition of neighboring roots and mycorrhizal diversity. We conducted our analyses in a large forested region (National Park Hainich, Germany) which is composed of beech (Fagus sylvatica)-dominated stands and stands of various deciduous tree mixtures containing mainly ash (Fraxinus excelsior), lime (Tilia cordata, Tilia platyphyllos) and beech ). The forests grow on the same geological substrates (limestone) but differ according to tree composition in cation availability, P turnover and acidity (Guckland et al. 2009 , Talkner et al. 2010b ). The functional traits of the tree species differ since beech produces recalcitrant leaf litter with slow nutrient release rates, while the decomposition rates of nutrient-rich lime and ash litter are faster (Jacob et al. 2010a (Jacob et al. , 2010b . Despite higher nutrient availability in mixed forest, aboveground productivity was not increased (Jacob et al. 2010b) . Fine roots showed neither overyielding, i.e., higher biomass in mixtures than in monospecific stands, nor root segregation (Meinen et al. 2009a , 2009b , Lang et al. 2010 . Both beech and lime host a rich, partly overlapping ectomycorrhizal (EM) flora, whereas ash roots are colonized by a relatively species-poor arbuscular mycorrhizal (AM) fungal community (Lang et al. 2011) . As EM and AM fungal mutualism may constitute adaptations to environments differing in N and P availability (Read and Perez-Moreno 2003) , it is possible that their co-occurrence may influence nutrient capture and result in competition for nutrients.
We hypothesized (i) that increasing nutrient availability in mixed forests would result in higher nutrient concentrations in roots of all tree species, if neutral behavior prevailed, (ii) that higher root diversity would result in competition and, thereby, have negative impact on root nutrients or alternatively would lead to complementarity and higher root nutrient concentrations or (iii) that an increasing diversity of EM fungi would facilitate nutrient uptake for their hosts, thereby leading to higher nutrient concentrations in the roots of beech and lime than in those of ash. Since there were no pronounced seasonal fluctuations in vital root biomass (Meinen et al. 2009c ), we conducted our study in late fall when leaves had been shed to avoid interference with species-related differences in long-distance transport of mineral nutrients. We analyzed the roots to a depth of 0.2 m because previous analyses showed that this captures the majority of fine root biomass in this ecosystem (Meinen et al. 2009b ).
Materials and methods

Site characteristics
The study was conducted in a deciduous forest in the northeastern part of National Park Hainich, Thuringia, Germany (51°05′28″N, 10°31′24″E), which had not been managed for almost four decades. Long-term annual sum of precipitation is 670 mm and annual mean temperature is 7.5 °C ). Six plots (50 m × 50 m) representing different tree mixtures as indicated in Table 1 were used for sampling. The plots were located at an altitude of 350 m above sea level within a radius of ~4 km. Mean tree density was 469 trees ha −1 with a total basal area of 41.2 m 2 ha −1 (Table 1 ). The plots contained F. sylvatica L., Tilia spp. (T. cordata Mill. or T. platyphyllos Scop.) and F. excelsior L. in addition to lower contributions of Table 1 . Stand and soil characteristics of six plots in a mixed deciduous forest (Hainich, Thuringia, Germany). Data were taken from Guckland et al. (2009) and Talkner et al. (2010b) . The soil temperature was measured at 20 cm depth and is a monthly mean for November 2006 (from Meinen et al. 2009c other deciduous species (Acer spp., Carpinus betulus L., Prunus avium, Ulmus glabrata, Quercus spp., Table 1 ). The plots were selected by the following criteria: low anthropogenic impact in past decades, closed canopy and homogeneous stand structure. All stands stocked on the soil type Luvisol that had developed from loess (Guckland et al. 2009 ). The soil in beech stands (DL1a and DL1b) was more acidic and contained less N than the soil in mixed plots (Table 1) .
Sampling scheme
Soil cores were collected in November after the leaves had been shed but before freezing events. The mean soil temperature in this month was 7.9 °C and fluctuated between minima and maxima of 5.0 and 11 °C, respectively. Soil cores (diameter 8 cm, depth 20 cm corresponding to a volume of 1-L) were collected randomly using the following strategy: on each plot three 30 m long lines were determined by choosing the starting point and direction randomly. On each line 5 sampling points were randomly determined, thus defining 15 sampling points per plot. Soil cores were stored at 4 °C for a maximum of 4 weeks until analysis.
Root and EM fungal identification and quantification
The procedures have been described previously (Lang et al. 2011) and are therefore reported here only briefly. The roots were sorted according to tree species with a stereomicroscope (Stemi SV 11; Zeiss, Jena, Germany) using morphological characteristics (Hölscher et al. 2002 , Korn 2004 . Only soil cores containing roots of beech, lime or ash were used: i.e., 87 out of 90. The relative abundance of EM fungi of beech and lime was quantified by morphotyping all root tips in each soil core (n = 3148 ± 311 per plot). The majority of morphotypes were identified by sequencing the ITS5 and ITS4 regions (as described previously by Druebert et al. (2009) and Lang et al. (2011) ). Morphotypes can be viewed, together with the fungal description and molecular information under http://www.unigoettingen.de/de/92389.html. The sequences were deposited in NCBI GenBank with GenBank accession numbers EU346870, EU346872, EU346875, EU350581, EU16604-EU16688 and EU826355.
Determination of nutrient element concentrations
After mycorrhizal analysis, the total fresh and dry mass of fine roots (<2 mm) was determined for each soil core and each tree species separately. Each sample was used to determine the concentrations of nutrient elements. The samples were milled and extracted for 12 h in 65% HNO 3 at 170 °C (Heinrichs et al. 1986 ). The extracts were used for element analyses with an inductively coupled plasma-atomic emission spectrometer (Spectro Analytical Instruments, Kleve, Germany). For analysis of total carbon (C) and N, samples were weighed into tin cartouches and measured in a CN elemental analyzer (EA1108; Carlo Erba Strumentazione, Rodano, Italy). 
Calculations and statistical analysis
where c is the concentration of a given element in beech, ash and lime roots and m is the dry root mass of each of these tree species. Bulk nutrient element concentrations of root were calculated for each 1-L soil sample and for the stand level by determining the sum of root biomass per species of all samples per stand. The Shannon-Wiener index (H′) was calculated as H′ = −Σ i=1 S p i ln p i with S = number of species and p i = relative abundance of a species i. We calculated H′ (aboveground) with p i = (basal area of a tree species i in a stand)/ (total basal area of the stand), H′ (belowground) with p i = (sum of dry mass of all roots of a tree species i in a stand)/(sum of dry mass of all roots in the same stand), H′ rs with p i = (dry mass of roots of a tree species i in a 1-L sample)/(dry mass of all roots in the same 1-L sample) and H′ EMs with p i = (number of root tips colonized by a fungal species i in a 1-L sample)/(total number of root tips colonized by EM fungi in the same 1-L sample).
Statistical tests (analysis of variance, least significant difference) and correlation analyses (Spearman correlation coefficient) were conducted with STATGRAPHICS Centurion (Statistical Graphics Corp., Warrenton, VA, USA) or ORIGIN 7.0 (Origin Lab Corp., Northampton, MA, USA). Prior to the statistical analyses, data were tested for normality.
Results
Fine root biomass and nutrient element concentrations in relation to tree diversity
Mean fine root biomass was 2.84 ± 0.33 g l −1 soil corresponding to 565 g m −2 to a depth of 0.2 m. As in previous studies conducted in the National Park Hainich (Meinen et al. 2009a , Lang et al. 2011 , we found that fine root biomass was not significantly different in the six forest stands studied (P = 0.746) and that the roots of different tree species were strongly intermingled. In the present study we analyzed only soil cores containing roots of beech, lime or ash, which were the most abundant tree species on our study sites (Table 1) . Belowground root diversity H′ (belowground) and aboveground tree diversity H′ (aboveground) based on the cumulated stem areas of the three tree taxa were strictly correlated (R = 0.974, P < 0.001, Figure 1) .
Across all sites, ash roots contained higher concentrations of N, P, S, K, Mg and Fe but less Ca than beech or lime roots Nutrients in roots in a mixed forest 533 (Figure 2) . To determine whether stand diversity might influence the amount of nutrients present in roots, we plotted the Shannon-Wiener index of the roots H′ (belowground) against standlevel root nutrient concentrations (Figure 3a ). Significant increases with increasing root diversity were found for Ca, K, Mg and S (Figure 3a) . To disentangle whether these increases were effects of species identity or diversity, we plotted the nutrient element concentrations of the individual taxa against H′ (belowground) (Figure 3b-d) . No significant effects were found for K, Mg or S. Thus, positive correlations at stand level were caused by increasing contributions of nutrient-rich ash roots to total root biomass and, hence, the result of different effects of tree identity on stand-level nutrient concentrations in roots.
Significant correlations of root Ca and N concentrations with H′ (belowground) were found for beech and lime roots, respectively (Figure 3b and d) . The Ca and N concentrations in the soil were higher in stands with ash and lime than in pure beech stands (Guckland et al. 2009 ; Table 1 ), but we did not find significant correlations between root diversity H′ (belowground) and the soil concentrations of these nutrients (for N: R = 0.748, P = 0.087; for Ca: R = 0.748, P = 0.086). This suggests that stand diversity directly or indirectly contributes to differences in Ca and N nutrition of beech and lime, respectively.
Nutrient elements in roots in relation to EM fungal diversity and root competition
Vital root tips of beech and lime were 85% (±4%) colonized by EM fungi, whereas no EM fungi were detected on ash roots. The majority of EM fungal species, which colonized altogether ~96% of the mycorrhizal root tips, were identified by ITS sequencing. We found a total of 86 different EM taxa in all samples analyzed (see Table S1 available as Supplementary Data at Tree Physiology Online).
Competition for nutrients takes place between neighboring roots and their associated EM fungi, which can bridge considerable distances by their rhizomorphs and hyphae. We defined our 1-L samples, which contained roots within a radius of 40 mm as the space in which trees competed for nutrients, and used EM diversity (H′ EMs ), root diversity (H′ rs ) and root nutrient element concentrations determined for each 1-L sample for further analyses. Ectomycorrhizal fungal diversity (H′ EMs ) and root diversity (H′ rs ) were unrelated (R = 0.152, P = 0.203). This result was surprising at first glance since many EM taxa have strong host preferences and, therefore, increasing numbers of EM-forming tree species result in increased EM diversity (Lang et al. 2011 ). However, the presence of non-EM ash roots in mixed samples counteracted this effect.
Calcium, K, P, Mg and Fe concentrations calculated on the basis of the proportions of the roots of the tree species in a soil sample (bulk root samples) showed significant increases with increasing root diversity H′ rs and-as before for H′ belowground -these effects disappeared for the element concentrations per tree taxon, with the exception of Ca in beech roots (Table 2 ). This was expected because tree identityrelated effects should be independent of the experimental scale. Interestingly, we found that the P concentrations of beech roots and the N concentrations of ash roots decreased with increasing root diversity H′ rs (Table 2) , suggesting an influence of interspecific root competition on a small scale.
We investigated whether EM fungal diversity was involved in this competition. Neither the cation nor P or S concentrations were correlated with EM fungal diversity (Table 2) . However, N concentrations in bulk root samples revealed a negative correlation with EM fungal diversity (Figure 4a ). This decrease was associated with a significant decrease in the N concentrations of ash roots with increasing EM diversity H′ EMs , whereas N in beech roots was unaffected and N in lime roots showed a positive correlation with H′ EMs (Figure 4b ).
Discussion
Our study shows that, as expected, stand-level concentrations of cations in roots were higher in mixed forests where the soil contained elevated concentrations of exchangeable cations (Guckland et al. 2009 , Talkner et al. 2010b . In soils along a pH and fertility gradient, correlations between plant diversity and soil functional diversity measured as enzyme activities have been reported (Rodríguez-Loinaz et al. 2008) . However, our initial hypothesis that such changes directly or indirectly caused by increasing plant diversity might result in similar nutritional enrichments in roots of different tree species can be rejected. Instead, very clear taxon-related differences were found. The increases in K, Mg and S were due to an increased fraction of ash roots, which accumulated higher concentrations of these elements than beech and lime independently of stand properties.
In contrast to K, Mg and S, the enrichment in Ca was due to a profound accumulation of this element in beech roots grown in mixtures. Since the effect was also apparent on a small scale, a direct influence of neighboring ash or lime roots on beech can currently not be excluded (Table 2) . However, it appears more likely that increased Ca accumulation in beech roots was an Nutrients in roots in a mixed forest 535 Compact lines indicate significant regression coefficients with *P < 0.05, **P < 0.01 and ***P < 0.001. indirect effect mediated by the influence of the specific mixtures on soil processes. The significance of high Ca levels for root physiology remains unknown. A meta-analysis showed that Ca was the best predictor of root decomposition (Silver and Miya 2001) . In fact, unaltered amounts of root biomass but higher root production rates suggest a higher turnover of beech roots in diverse forests than in pure stands (Meinen et al. 2009c) . However, in a common garden experiment with 11 temperate European tree species including beech and lime, no correlation between root Ca concentrations of different tree species and root decomposition rates was found (Hobbie et al. 2010) . Therefore, the physiological and ecological consequences of intraspecific differences in root Ca level need to be further investigated.
An intriguing result of our study was that we obtained clear evidence of considerable species-related differences in competition at small scales. Although mixed stands contained higher soil N concentrations (Table 1 ) and higher concentrations of organically bound P (Talkner et al. 2010b ), this was not reflected in stand-level N or P concentration in root biomass, probably because of the result of complex small-scale interactions of different tree species. On the small scale beech roots showed declining P with increasing root diversity but not with EM diversity. Plants colonized by AM fungi are generally more efficient for P uptake (Read and Perez-Moreno 2003) and, accordingly, ash showed the highest P concentrations. However, lime roots, which host highly diverse EM communities (Lang et al. 2011) , contained higher P concentrations than beech and were unaffected by root diversity. This suggests that plant identity also affects root P acquisition and that beech is more sensitive to competition for P than lime or ash.
Beech roots contained unchanged N concentrations independent of site properties or root and EM diversity (Table 2, Figure 4b ). Lower N availability in beech-dominated stands might have been compensated by a specific composition of the EM community. EM diversity is strongly dependent on plant-derived C (Druebert et al. 2009 , Pena et al. 2010 ), but knowledge on functional properties of different EM communities is still limited. It is notable that Xerocomus pruinatus and 536 Lang and Polle Table 2 . Spearman correlation coefficients (R) and level of significance (P). The correlations were obtained by regression analysis of the ShannonWiener indices H′ of EM fungi (EMs) or roots of different tree species (rs) in a 1-L soil sample with the nutrient concentrations of the roots of beech (F. sylvatica), ash (F. excelsior) or lime (Tilia spp.) in the same soil sample. Bulk nutrient element concentrations were calculated on the basis of the relative contributions of all roots to total root biomass in a 1-L soil sample. Significant regressions with P < 0.05 are indicated by bold letters. Lactarius subdulcis, fungi with outstanding ability to mobilize organically bound N from protein and to degrade of complex phenolics (Rineau and Garbaye 2009) , respectively, were present with high abundance only in the two beech-dominated stands (see Table S1 available as Supplementary Data at Tree Physiology Online), whereas Cenococcum geophilum, a species important for uptake of soluble amino acids (Dannenmann et al. 2009 ), was most abundant in mixed stands. In contrast to beech roots, N concentrations in ash and lime roots were affected by their neighbors. In lime roots, N increased with increasing EM diversity but not with root diversity, indicating a specific, beneficial influence of the EM community. Notably, at stand level N in lime roots was correlated with root diversity. It is possible that the positive effect of ectomycorrhizas was translated into larger overall production of lime roots (Meinen et al. 2009c ) or that at a higher scale additional factors correlated with diversity became prevalent.
While lime profited from increasing EM diversity, N concentrations of ash roots were negatively influenced by both high EM diversity of heterospecific neighbors and root diversity. This indicates that ash is sensitive to competing tree species and suggests that N acquisition is suppressed when a diverse flora of EM associated with roots of other tree species is present since ash roots themselves are not colonized by EM fungi.
This result was unexpected since the N concentrations were higher in mixed than in pure beech stands and since other studies indicated that AM-associated plants may outcompete EM-associated plants such as beech with regard to N (Fotelli et al. 2002 . However, the chemical form of N may be important, as N present in complex forms is better accessible to EM than to AM (Wurzburger and Hendrick 2009) . Furthermore, the idea has been put forward that mycorrhizal strategies of tree species are adapted to their litter decomposition rates to optimize nutrient recycling (Cornelissen et al. 2001) . Lime produces nutrient-rich leaf litter with faster degradation rates than beech (Jacob et al. 2009 (Jacob et al. , 2010a . This may require faster nutrient recapture and, thus, lead to direct competition with ash for the same N sources. The invariability of N in beech roots in contrast to the opposing behavior of lime and ash would support this idea, but future studies with stable isotopes will be needed to test this further. In contrast to the EM community, where we identified 86 species, the AM community in this forest was previously shown to consist of only a few Glomus species (5-7, Lang et al. 2011) . Whether the presence of heterospecific roots affects the AM community structure and competitiveness for N also requires further study.
Conclusions
Root nutrition in mixed stands has received little attention and not been linked to mycorrhizal diversity. Here, we demonstrated that compiled root samples from mixed forest stands, in which overall nutrient availability was higher, contained higher cation and S concentrations than those of beech-dominated stands. These enrichments had two reasons: K, Mg and S increased because of a higher abundance of nutrient-rich ash roots and Ca because of a selective and specific Ca enrichment in beech roots that occurred in mixed stands. Phosphorus and N concentrations of roots at stand level were unaltered with tree diversity. However, this invariability was probably the result of complex belowground interactions occurring on a small scale between competing roots. Increasing root diversity in a given soil volume was correlated with decreasing P concentrations in beech, indicating competition. Since the effect was subtle, overall P content in root mass at the stand level was unaffected. Nitrogen concentrations in ash and lime roots showed opposing behavior with increasing EM diversity. This may point to competition for the same N sources. Our initial hypothesis that higher diversity of EM would facilitate nutrient supply leading to higher N concentrations in lime and beech roots must be rejected. Instead, only lime benefited from the effect of the mixture.
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Supplementary data for this article are available at Tree Physiology Online. 
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